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Introduction and Summary of Results
Drosophila melanogaster, also known as the fruit fly, is an ideal organism to use for
immunological studies. With a completely annotated genome completed in 2002 it now allows
for easy and reliable comparison with its mammalian counterparts. In addition, Drosophila has
no adaptive immune system, leaving an extremely simple, and easily accessible innate immune
system. Having only three terminally differentiated hemocytes Drosophila represent an ideal
system to investigate the roles that these three hemocytes play in development and immune
challenge. Lastly, the fly has a short life cycle with three distinct phases, egg, larvae, and pupae,
before eclosing as an adult. These three phases allow for unique studies of immunological
function because each life stage is differentially affected by exogenous agents. Therefore, the fly
is an excellent model organism to use for immune studies.
Immune signaling
The Toll pathway is an evolutionarily conserved signaling cascade that plays a role in the
development of the dorso-ventral axis of the fly embryo, as well as in many other developmental
processes [1]. Toll pathway signaling confers immunity against bacterial, fungal and parasitic
wasp infections [2]. Flies deficient in Toll signaling are severely immune-compromised and lose
resistance to these pathogens and parasites [3]. Canonical components of this pathway include
the extracellular proteolytic enzyme Spatzle-processing enzyme, SPE, the extracellular cytokine
Spatzle, spz, the transmembrane receptor Toll, the cytoplasmic Tube and MyD88 adaptors, the
Pelle kinase, Cactus/IκB, and the NF-κB (Rel family) transcription factors, Dorsal and Dorsalrelated immunity factor, Dif [2]. The Toll pathway is the central mediator of innate immunity
controlling the production of antimicrobial peptides (AMPs) (humoral arm of innate immunity
based primarily in the fat body) and both basal and parasite-activated hematopoietic development
(cellular arm of innate immunity) [2, 4, 5].
Like the Toll pathway, the JAK-STAT pathway was originally identified through its role
in embryonic development. Its signaling components include the receptor Domeless, the nonreceptor tyrosine Janus Kinase (JAK), Hopscotch, and the STAT transcription factor. JAK-STAT
signaling, unlike Toll signaling, is not essential for resistance to bacterial and fungal infection,
although it plays an important anti-viral function [6]. JAK-STAT signaling also controls many
aspects of larval hematopoiesis [7]. Infection activates STAT, which in turn activates the
transcription of Tep2 which encodes complement-like protein and Turandot, a stress gene. A
hemocyte-released cytokine, Unpaired-3, Upd-3, activates the JAK-STAT pathway by binding to
the Domeless receptor during infection [8].
Cellular immunity
In Drosophila, there are three classes of mature circulating hemocytes in the larval
hemolymph aiding in the cellular innate immune response. In unchallenged wild-type larvae, two
classes of hemocytes are found in circulation: plasmatocytes, and crystal cells. Both arise from
the head mesoderm during the embryonic phase of hematopoiesis [9]. Plasmatocytes make up
90-95% of circulating hemocytes and remove dead cells and small microbes through
phagocytosis [2, 10]. Crystal cells carry prophenoloxidase enzymes that melanize parasitic eggs
when activated by immune signaling and play roles in wound healing [11]. The third class of
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hemocyte, the lamellocyte, appears rarely, less than 1% in healthy animals. However, many more
lamellocytes appear in the circulating population in response to parasitic wasp attack. Being
adhesive, lamellocytes form layers to encapsulate the wasp egg [12, 13]. Differentiation of the
three classes of hemocytes is tightly regulated by the Toll and JAK-STAT pathways;
hyperactivation of either one leads to aberrant hematopoietic development, overgrowth of the
lymph gland, dispersal or detachment of lymph gland lobes, and appearance of freely-floating
tumors in the larval body cavity. The origin of tumors in these backgrounds (i.e., if they come
from over-proliferation of the lymph gland or just the circulating hemocyte population) is not
known.
Humoral immunity
The humoral immune response occurs after microbial or wasp infections in which AMPs
are secreted from the larval fat body [2, 14]. The fat body is a large organ with functional
similarities to the mammalian liver. About 20 immune-inducible AMPs have been characterized
[2]. Drosomycin is an antifungal peptide and a canonical target of the Toll pathway [15]. Toll,
but not JAK-STAT signaling controls the acute-phase activation of AMPs in the fat body.
Consequently, gain-of-function mutants in Toll signaling, but not JAK-STAT signaling, produce
AMPs even in the absence of immune challenge [16, 17].
The immune organs
The major organ for larval and adult hemocyte development is the lymph gland
supporting the second phase of hematopoiesis. It develops from the embryonic stages through the
second instar larval stage and persists until metamorphosis [7, 18]. The lymph gland is composed
of three pairs of bilaterally placed lobes, each packed with hematopoietic progenitors. The lobes
flank the dorsal vessel, which serves as the aorta or the heart of the animal [18]. Like other
insects, Drosophila has an open circulatory system.
The lymph gland lobes are classified as anterior (the primary pair found most anteriorly)
or posterior [19]. The anterior lobes contain three main areas or zones. The posterior signaling
center (PSC) does not give rise to the hemocyte population. Instead, it signals into a pluripotent
stem-cell like population of the medullary zone to maintain quiescence. Cells in the cortical zone
divide more frequently than cells in the medulla, and are also present in a more highly
differentiated state expressing differentiation markers of plasmatocytes or crystal cell fates [1820]. Wasp infection leads to lamellocyte differentiation and reduction in crystal cell numbers
causing the dispersal of the anterior lobes [5, 21, 22]. Two sets of posterior lobes do not exhibit
the zonation of the anterior lobes and possess undifferentiated progenitors [19].
The second immune organ is the fat body. The fat body is responsible for AMP
production. These peptides are released into the hemolymph and interact with bacterial or fungal
cells with the goal of ending the infection [2].
Acute and chronic inflammation in flies
Inflammation is the natural innate immune response of the body, in both mammals and
insects. Acute inflammation is characterized by the momentary rise in pro-inflammatory
molecules, followed by high transcription of anti-inflammatory molecules in order to bring back
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the body to basal levels of immune signaling. Such a controlled response is observed in both the
cellular and humoral innate immune arms in fly larvae infected by parasitic wasps. Upon
recognition of the exogenous wasp egg, the larva activates Toll signaling that alters gene
expression so that cellular and humoral immune changes are short lived and resolved 1-2 days
post infection. Both the activation and resolution phases of the response are critical to support
host defense [23].
When the resolution phase is disrupted, i.e., inflammatory pathways and molecules
remain high due to a mutation, chronic inflammation sets in and high levels of antimicrobial
peptides accumulate in the hemolymph. Excessive pro-inflammatory cytokines (i.e., SPE and
spz) sustain immune signaling, leading to the expansion of the hematopoietic populations. A
hallmark feature of such chronic inflammatory changes in the mutant body cavity is the
appearance of free-floating tumors in the larval body cavity. The largest fly tumors however
remain much smaller than mammalian tumors, perhaps because flies lack an extensive
circulatory system, providing a simple and elegant model for studying pre-angiogenic tumors.
Inflammatory signals
Genetic experiments have identified the essential pro-inflammatory nature of the Toll
pathway (Figure 1). The pro-inflammatory molecules include SPE, spz, Toll, dorsal and Dif.
Aberrant up regulation of any of these molecules results in activation of immune signaling,
production of AMPs, differentiation of blood cells into lamellocytes, and microtumor formation.
On the other hand, Cactus and Ubc9 serve to inhibit and terminate the immune response and
serve as anti-inflammatory molecules. Loss of function in either cactus or Ubc9 results in ectopic
AMP gene expression and hematopoietic tumor formation [4, 17, 23].
JAK-STAT signaling (Figure 1) does not play a central role in AMP gene activation in
the fat body. However, like, Toll signaling, its hyperactivation leads to over proliferation of
blood cells and microtumor formation. Loss of inhibition of JAK-STAT signaling via loss of
PIAS function, or gain-of-function mutations in the hopscotch gene, resulting in such defects.
One biochemical mechanism that links the Toll and JAK-STAT signaling is
sumoylation. Both Dorsal and STAT are direct targets of SUMO [24, 25]. Reduction of Aos1,
Uba2 (subunits of the SUMO activating enzyme E1), Ubc9 (the SUMO-conjugating enzyme E2),
or PIAS (a SUMO E3 ligase) leads to chronic inflammation [23, 26] (Figure 1).
Ubc9 mutant tumors arise from the medullary zone of the larval lymph gland; this
overgrowth can be suppressed by the expression of human p21 in the medullary zone cells (p21
is a cell cycle inhibitor) but not by the expression of Dorsal or Dif [26]. However loss-offunction in dl (via maternal germline mutation) alone suppresses tumorigenesis and chronic
inflammation completely [17]. This led us to hypothesize that tumor growth in Ubc9 comes
about first from cell cycle defects but then systemic pro-inflammatory effects of the mutation on
Toll and JAK-STAT signaling fuels tumor growth [26] (unpublished results).
Summary of results
In this study, we investigate the origin of the particular hematopoietic populations in the
cactus and hopTum-l mutants expanded in each background with the view of understanding their
genetic relationships in chronic inflammation. We find that hematopoietic tumors in these
backgrounds come from an overproliferation of different lymph gland populations. While cactus
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tumors do not express markers of the medullary zone, hopTum-l tumors do. Interestingly, RNAimediated knockdown of the Toll pathway components SPE, spz, Toll and dorsal, support
survival of hopTum-l flies suggesting that inflammation in the hopTum-l background is mediated by
the Toll pathway. These results provide insights into the complex nature of and cross-talk
between systemic immune signaling pathways in the earliest stages of tumor development.
Clarification of such interdependence and synergistic action of the pathways can help understand
the specific effects of anti-cancer or anti-inflammatory drugs in a complex genetic network in
vivo.
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Figure 1: Toll, JAK-STAT, and sumolyation pathways. Pro-inflammatory molecules are
indicated in green, anti-inflammatory molecules are indicated in red, and black molecules
have an undisclosed role in inflammation.
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The origin of hematopoietic tumors in cactus and hopscotch mutants
Abstract
Hyperactivity of the JAK-STAT or Toll signaling results in hematopoietic overproliferation and tumorigenesis. Loss of either Cactus, the Drosophila IκB protein, or Ubc9, the
SUMO-conjugating enzyme, leads to constitutive activation of the humoral and cellular
pathways [4, 17, 23]. While Ubc9 tumors grow very rapidly and can be seen without
magnification, cactus tumors remain small and unmelanized. Ubc9 tumors arise from a
pluripotent stem cell population of the lymph gland and depend on defective cell cycle regulation
and hyperactive immune signaling in which both JAK-STAT or Toll signaling pathways are
overactive [26] (unpublished results).
Gain-of-function (gof) mutations in hopscotch result in similar defects; hematopoietic
tumors grow aggressively and attain sizes comparable to Ubc9 tumors. Using markers for lymph
gland progenitors we show cactusA2 tumors do not express the markers normally expressed in the
progenitor population suggesting that an expansion of more differentiated cells leads to the
production of cactus tumors. In contrast, the hopTum-l tumors express markers of the progenitor
population, suggesting a different origin and mechanism of growth compared to cactus tumors.
These results suggest that different target gene activation underlies tumor growth in cactus and
hopTum-l backgrounds. They also suggest that the growth of the fast-growing hopTum-l tumors may
depend on Toll signaling.
Introduction
Drosophila are hosts to a range of pathogens, and in the wild, they encounter a large
number of pathogen species. One class of natural fly enemies is parasitic wasps, which, although
free-living as adults, have an obligate relationship with their hosts during development, living off
of the fly larvae inside its pupal casing prior to eclosion [27]. Female wasps inject eggs through
the larval cuticle, directly into the host hemocoel, bypassing barrier tissues. Insects have an open
circulatory system; the hemolymph bathes all internal organs in the hemocoel. Therefore, the
ectopic wasp egg is recognized by multiple organs resulting in activation of both cellular and
humoral immunity mainly in circulating hemocytes and the lymph gland, and in the fat body,
respectively.
Host blood cells (or hemocytes) recognize, surround, and melanize the parasite egg to
sequester it from host tissues. All three terminally differentiated blood types including; the
abundant phagocytic plasmatocytes, larger adhesive lamellocytes, and melanin-producing crystal
cells are involved in the encapsulation response of cellular immunity. The encapsulation reaction
is resolved within a day and is reminiscent of effector cell activation and resolution in mammals
[23]. Wasp infection also activates humoral immunity [14] AMP gene expression is resolved by
anti-inflammatory roles of Cactus and Ubc9 [23]. Because of high genetic conservation in
immune signaling, easy access to immune organs, and genetic manipulability of the host partner,
we are using this wasp-fly system to understand how immune signaling controls inflammation.
Acute inflammation in mammals is characterized by proliferation, differentiation, and
recruitment of blood cells to the site of injury. Acute-phase gene expression is self-limiting,
being quickly resolved within minutes to hours after infection by the increased transcription of
anti-inflammatory genes, and the reduction in transcription of pro-inflammatory genes. Innate
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effector cells aggregate to sequester the parasite or microbe. In addition, inflammatory cells
produce pro-inflammatory cytokines, chemokines, and prostaglandins, which help initiate and
mediate the inflammatory processes by activation of NF-κB signaling [28, 29]. If acute
inflammation cannot be resolved, the organism will suffer from chronic inflammation.
Kalamarz et al., 2012 showed that Ubc9 mutant lymph glands have an expanded
ZCL2897 (a GFP-positive protein trap line) and 76B>GFP populations. Circulating tumors
found in the hemolymph of Ubc9 animals are GFP positive. In addition, mutations or RNAi
knockdown of other sumoylation pathway enzymes (Aos, an E1 conjugating enzyme and PIAS,
a SUMO E3 ligase) resulted in similar defects. Importantly, expression of either the Drosophila
Dacapo (cell cycle kinase inhibitor), or its human ortholog p21 in the 76B population suppressed
tumor formation. Therefore, it can be concluded that over-proliferation of the transition zone
(marked by 76B>GFP) in the lymph gland is responsible for the formation of tumors.
In addition to the cell cycle mechanism contributing to Ubc9 tumor growth, genetic
evidence in the same study revealed an involvement of the inflammation pathway. Not only are
Ubc9 tumors suppressed by removal of dorsal or Dif, the presence of a non-signaling cactus
allele (cactusE10) blocks Ubc9 tumor formation [17]. Real time PCR experiments revealed that
transcript levels of SPE and cactus were high. In Ubc9 mutants furthermore, Cactus protein
levels are significantly lower in the fat body of Ubc9 mutants as compared to wild type flies [23].
This provided evidence that Ubc9 confers stability to Cactus. These detailed genetic studies
suggest that wild type Ubc9 function confers stem cell quiescence and that mutant tumors arise
from a combination of aberrant cell cycle gene function in the medullary zone and ectopic
inflammatory signaling.
Hematopoietic tumors in hopTum-l animals are more similar to Ubc9 tumors in that both
grow much more aggressively and attain larger sizes in the same period of time (2-3 days)
compared to cactus tumors. We therefore wanted to compare the origin of the overgrown
hematopoietic population in the hopTum-l animals and wanted to understand the relationships of
the phenotypes in each case. Our hypothesis was that like Ubc9 tumors, hopTum-l tumors may
need the contribution of Toll signaling for rapid growth. Using a recombinant fly strains marking
either the medullary zone population (ZCL), or the intermediate population between the
progenitors and mature cells (76B) with GFP, we found that even though these genetic
backgrounds exhibit significant phenotypic similarities, different lymph gland populations are
affected in each.
Materials and Methods
Fly Stocks Recombinant stocks were created for purposes of this experiment. In order to
make w; 76B-Gal4 b cactA2/CyO actin-GFP; MKRS/TM6b Tb Hu, the original w; b cactA2/b CyO
was crossed to y w; 76B-Gal4/CyO. Straight winged flies were chosen and back crossed to w; b
cactA2/b CyO. Curly-winged, orange-eyed, and slightly darker than wild type flies were chosen.
Those flies has the genotype of w-; 76B-Gal4 b cactA2/b CyO. Next, flies were crossed to a
stock double balancer (w; Sp/CyO actin-GFP; MKRS/TM6b Tb Hu) in order to balance the
recombinant chromosome. The final fly had the genotype w; 76B-Gal4 b cactA2/CyO actin-GFP;
MKRS/TM6b Tb Hu.
To make w; UAS-GFP b cactA2/CyO actin-GFP; MKRS/TM6b Tb Hu, the original y w ;
UAS-GFP/UAS-GFP was crossed to w; b cactA2/b CyO. Straight-winged flies were chosen and
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back-crossed to w; b cactA2/b CyO. Curly-winged, orange-eyed (slightly darker in body color
than wild type flies) were chosen. Those flies had the genotype w; UAS-GFP b cactA2/b CyO.
Next, flies were crossed to a stock double balancer (w; Sp/CyO actin-GFP; MKRS/TM6b Tb Hu)
in order to balance the recombinant chromosome.
Other stocks: y w hopTum-l/y w hopTum-l, ZCL2897/ZC2897 (Yale Protein Trap collection) [19, 26];
w; 76B-Gal4, UAS-GFP, lwr4-3/CyO y+.
Cactus crosses: In order to investigate the fate of the lymph gland in a cactus homozygous
mutant, the recombinant stocks were crossed to each other; w; UAS-GFP b cactA2/(CyO actinGFP; MKRS/TM6b Tb Hu x w ;76B-Gal4 b cactA2/CyO GFP; MKRS/TM6b Tb Hu. Larvae of the
genotype w; UAS-GFP b cactA2/76B-Gal4 b cactA2; MKRS/TM6b Tb Hu were chosen because
they lacked the characteristic expression of actin-GFP on the CyO balancer chromosome.
Control stocks were used, and flies were chosen based on actin-GFP expression w; UAS-GFP b
cactA2/CyO actin-GFP; MKRS/TM6b Tb Hu and w; 76B-Gal4 b cactA2/CyO actin-GFP+;
MKRS/TM6b Tb Hu.
Homozygous cact mutant flies are semi-lethal, slightly darker in body color (cactA2 has a
b gene tightly linked with it), straight winged, and orange in eye colors. Females are also sterile
and produce ventralized embryos, verifying the genotype of the resulting flies.
hopTum-l crosses: The original hopTum-l mutation was crossed to w ; 76B-Gal4, UAS-GFP, lwr43
/CyO y+ and ZCL2897/ZC2897 respectively. For crosses of the parental genotype using
ZCL2897, third instar larvae of the genotype ZCL2897/hopTum-l were chosen. For crosses of the
parental genotype using 76B-Gal4, UAS-GFP, lwr4-3 were chosen by GFP expression in the
salivary glands (y w hopTumL/Y; 76B-Gal4, UAS-GFP, lwr4-3). Control stocks were used;
ZCL2897 (males and females), y w hopTum-l (males and females), and 76B-Gal4, UAS-GFP, lwr43
(males and females).
Dissection, staining and imaging of samples: Hemolymph smears and lymph glands were
prepared and air-dried on glass slides for 30 minutes and stained using the same protocol.
Samples were first fixed on microscope slides using 4% paraformaldehyde in phosphate buffered
saline (PBS) for 10 minutes, and washed 3 times with 1x PBS for 5 minutes per wash. Samples
were treated with 1 μl FITC Phalloidin: 200μl 1X PBS freshly made dilution was used to cover
all samples and left for 20 minutes for hemolymph. Phallodin staining solution was subsequently
removed and samples were washed with 1x PBS, 3 times for 5 minutes, per wash. Samples were
then stained with a 1 μl Hoechest (200 μl 1X PBS freshly made dilution) for 5 minutes, followed
by 3, 5 minute washes of 1x PBS. Vectashield (Vector Labs) was used as the mounting solution
and samples were covered with cover slips, sealed, and stored at 20°C prior to examination.
Hemocyte samples were viewed using an inverted Nikon microscope under a 20x magnification
using a DAPI (400-418 nm), FITC (478-495 nm), or TxRed (560-580 nm) filter. Lymph glands
were imaged using a LSM 510 Confocol microscope. Adult flies were imaged using a Leica
MZFL III.
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Results
Mutant cactus lymph gland does not show expansion of the medullary zone
Mutations in components that control the natural acute inflammatory response develop
hematopoietic tumors and suffer from chronic inflammation. Given the linkage between Cactus
and Ubc9 described in previous research in our lab [17, 23] we investigated if the same
medullary zone population is expanded in cactus mutants as it is in Ubc9 mutants [26]. Strongly
hypomorphic and haploinsufficient cactusA2 mutant was used for this experiment. cactusA2
mutation was recombined in the 76B>GFP background and lymph glands in cactA2 heterozygotes
and homozygous mutants were compared for lymph gland morphology and GFP expression.
Whereas wild type larvae develop small aggregates (<50 hemocytes; Figure 2A’ and 2B’)
in their hemolymph, cactusA2 mutants developed large aggregates and tumors (Figure 2C’). In
Figure 2A and 2B the GFP expression is more prominent even though the same chromosomal
marker (CyO actin-GFP) is producing the color. In the fly there are many actin genes, and these
genes are expressed differentially in various hemocyte populations. Due to the fact that the
medullary zone is composed of undifferentiated hemocytes it may be possible that 2B represents
an older animal with more differentiated cell types as compared to 2A. Unexpectedly, tumors in
homozygous mutants were not 76B>GFP positive, indicating that (a) either the overgrowth in
this genetic background is outside the 76B>Gal4-positive population, or (b) that the expression
of the transgenes is turned down in the mutant background. A second set of experiments was
planned to address the same question with the ZCL2897 marker. However, viable flies of the
correct genotypes were not produced, limiting the interpretation of this result.
hop mutants cause expansion of the medullary and transition zones of the lymph gland
The Hopscotch protein is the Jak Kinase of the JAK-STAT Pathway. Upon ligand
binding to the receptor Domeless, autophosphorylation of the receptor occurs. Due to the fact
that Domeless is membrane bound, an adaptor protein, Hopscotch, transmits Domeless signaling
internally to the cell. hopTum-l is a G341E point mutation that causes constitutive activation of hop
and consequently activation of JAK-STAT signaling. Although widely used to activate the fly’s
cellular immune system, the origin of tumors in this genetic background remains
uncharacterized.
We sought to investigate the role of hopTum-l in the lymph gland. The original hopTum-l
mutant was used in conjunction with two lymph gland markers; ZCL2897 and 76B-Gal4, UASGFP (76B>GFP), respectively. ZCL2897 is a protein trap that was shown by Jung et al., 2005 to
mark the medullary zone, and 76B-Gal4 was shown by Kalamarz et al., 2012 to mark a small
transition zone present between undifferentiated and differentiated cells.
In y w hopTum-l/Y control animals, the lymph gland was completely dispersed and the
animal developed small tumor aggregates (Figure 3A-A’). Control animals of the genotype 76BGal4, UAS-GFP, lwr4-3/CyO y+ and ZCL2897/Y had no dispersal of the lymph gland, as seen by
an intact basement membrane surrounding the lymph gland, and did not develop hemocyte
aggregates (Figure 3B-B’). However, when animals of the genotype ZCL 2897/y w hopTum-l were
investigated, they showed clear dispersal of their lymph glands. Furthermore, circulating tumors
were GFP positive, indicating that they originated from the ZCL2897-positive population. The
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same observation was true for animals of the genotype y w hopTumL/Y; 76B-Gal4, UAS-GFP,
lwr4-3/+ (Figure 3E-E’).
Discussion
Unlike Ubc9 homozygous mutants, cactus mutants exhibit a weaker lymph gland
dispersal phenotype. In Ubc9 mutants, the medullary zone, including the 76B transition zone was
completely dispersed and anterior lobes were removed from the dorsal vessel. However, in
cactus mutants a similar expansion was not observed. This result suggests that the lymph gland
cortex is likely expanded in cactus mutants, an interpretation that is being tested in ongoing
experiments with appropriate lines marking this population. Thus, both mutants while similar in
some properties, appear to be arising from different starting populations. While Ubc9 tumors
arise from the dysplasia of stem-like multipotent medulla affecting cell cycle (cancer) and
immune signaling (inflammation), the cactus tumors arise from an oligo-potent population with
more differentiated cells or their immediate precursors.
The aberrations in hopTum-l lymph glands exhibit properties that are more like the Ubc9
lymph glands both in the large sizes of the tumors, their high penetrance, and strong lymph gland
dispersal. In combination with either the ZCL2897 or the 76B>GFP markers, GFP signal in
circulating tumors was observed. Therefore, hopTum-l mimics the phenotypes of the Ubc9 lymph
glands and this similarity might best be explained by an effect of the mutation on an immature
multipotent medullary zone population with strong downstream effects on proliferation and
differentiation. Thus, hopTum-l lymph glands do not resemble the overgrowth seen in cactus
lymph glands, as the overgrowth in the latter is less drastic and lymph gland dispersal is lower.
Based on these comparative results, we propose that cancer and inflammation in vivo are closely
tied via cell cycle gene action and immune signaling. The use of different genetic backgrounds
allowed us to separate these aspects of tumorigenesis and Drosophila models can be used for
further understanding the linkages between cancer and inflammation, and for testing anti-mitotic
and anti-inflammatory drugs
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Figure 2: CactusA2 mutants result in tumor formation not originating from the intermediate zone
of the lymph gland
(A-A’’) Lymph glands, and adult flies from the genotype w; bA2 76B-Gal4/ (CyO actinGFP)w+; +/+.
(B-B’’) Lymph glands, hemocytes, and adult flies from the genotype w-; b cactA2 UAS-GFP/
(CyO actin-GFP)w+; MKRS/TM6 Tb Hu.
(C-C’’) Lymph glands, hemocytes, and adult flies from the genotype w; b cactA2 76B-Gal4/b
cactA2 UAS-GFP ; MKRS/+.
In panels (A’-C’) panels on the left are taken using a DAPI filter, and panals on the right are
taken using a FTIC filter. All images were GFP negative, and an outline of the cell aggregate or
tumor is seen in the FITC filter. The GFP seen in Figure 2A and 2B is indicative of CyO-GFP
and confirms the identity of these larvae as heterozygous for cactA2.
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Figure 3: hopTum-l causes dispersal of the medullary zone and tumor formation
[A-F] Lymph glands, [A’-F’] same animal smears. All images represent merges of DAPI and
FITC channels. [A-A’] y w hopTumL/Y, [B-B’] 76B-Gal4, UAS-GFP, lwr4-3/CyO y+, [C-C’]
ZCL 2897/Y, [D-D’] ZCL 2897/y w hopTumL, [E-E’] y w hopTumL/Y; 76B-Gal4, UAS-GFP, lwr43
/+.
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Ectopic signaling in a gain-of-function of JAK kinase mutant is mediated by the Toll
pathway components
Abstract
Immunity in Drosophila melanogaster is controlled by highly conserved Toll-NF-κB and
JAK-STAT signaling. Analysis of microarray data from constitutively active Toll (Toll10b) and
constitutively active JAK-STAT (hopTum-l) mutants suggest that these pathways may synergize to
fuel hematopoietic overgrowth. Preliminary results using targeted RNA interference in blood
cells of hopTum-l mutants support the idea that aberrant signaling in this background depends on
the Toll pathway. A genetic strain was constructed in which the knockdown occurs only in
lamellocytes that make up the body of the tumor. As expected, RNAi knockdown of STAT, the
effector protein in hopTum-l signaling, resulted in strong survival of the otherwise semi-lethal or
lethal hopTum-l strain. Knockdown of SPE, spz, Toll and Dorsal ameliorates hematopoietic tumors
and lethality; STAT, spz, and Toll showed the strongest effects in males and females. These
results suggest that the aggressive tumor growth in the hopTum-l background is fueled by Toll
pathway dependent inflammatory signaling. Understanding how these signaling mechanisms
intersect in vivo will shed light on the signaling circuitry in human cancers.
Introduction
To combat infection, the fruit fly, Drosophila melanogaster, relies on multiple innate
defense reactions that strategically recognize and defend the fly from immune attacks. The three
main innate immunity pathways in the fly are the Toll and Imd pathways, the JAK-STAT
pathway and the melanization pathway [2]. Hallmarks of the fly host defense are two-fold: (1)
challenge-induced synthesis and secretion of potent AMPs in the fat body. Their accumulation in
the hemolymph opposes invading microorganisms. This is the humoral arm of innate immunity.
(2) The cellular immune arm is mediated by phagocytosis and encapsulation carried out by three
types of blood cells [2].
Immune functions in Toll signaling are controlled by a cascade of genes including; SPE
(spatzle-processing enzyme), spz (spatzle), Toll, tube, pelle, cactus, dorsal, and Dif (dorsalimmunity factor) (Figure 1). The Toll pathway is activated by bacterial, fungal, and parasitic
wasp infection. Upon activation of the Toll pathway, downstream transcription factors dorsal and
Dif are activated, relocate into the nucleus, and transcribe AMPs, including Drosomycin, an
antifungal Toll pathway target gene [16]. Unlike Toll signaling, JAK-STAT signaling does not
appear to have a humoral component.
Mammalian JAK-STAT signaling is activated by an interferon, interleukin, growth
factor, or other chemical messengers. In Drosophila JAK-STAT signaling, the receptor
Domeless is activated by its ligand Unpaired 3. Receptor activation leads to phosphorylation of
non-receptor tyrosine janus kinase (JAK), in Drosophila called hopscotch. Active Hopscotch
induces the phosphorylation and nuclear localization of the STAT transcription factor. It is worth
noting that unlike Toll-Dorsal/Dif deficient flies, JAK-STAT-deficient flies are just as resistant
to bacterial and fungal infections as wild-type flies, and express a normal AMP profile [8], but
their ability to encapsulate wasp eggs is compromised [30]. JAK-STAT signaling is also
involved in host defense against viruses [6].
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Hyperactivation of both Toll (i.e., Toll10b) and JAK-STAT (i.e., hopTum-l) signaling in
larval stages leads to hematopoietic overproliferation, aggregation, and melanization. These
melanized tumors remain below 1 µm3 in volume but tumors are readily visible through the
transparent cuticle. We analyzed microarray data of tumors from Toll10b and hopTum-l animals
[31] and found positive interactions between components of the two pathways (Govind lab,
unpublished). In the hopTum-l background, Toll pathway constituents including SPE and
downstream constituents of the Toll pathway are upregulated, with SPE being the most
upregulated. These molecular results suggest that lamellocyte differentiation and tumor
formation comes about by synergistic activation of the two pathways. In this project, we tested
the contribution of Toll signaling in the hopTum-l background by knocking down Toll pathway
constituents via RNA interference and found a requirement for SPE, spz, Toll and dorsal.
Materials
Drosophila stocks: UAS lines: y v/Y; +; UAS-TlRNAi/MKRS (31044; Drosophila Bloomington
Stock Center), y v/Y; +; UAS-STATRNAi/UAS-STATRNAi (31317; Drosophila Bloomington Stock
Center), y v/Y; +; UAS-dlRNAi/UAS-dlRNAi (27650; Drosophila Bloomington Stock Center), y w/Y;
UAS-spzRNAi/UAS-spzRNAi; + (v105017; Drosophila Bloomington Stock Center), w1118/Y; UASSPERNAi /CyO; + (v30972; Drosophila Bloomington Stock Center), and w1118/Y; UASDifRNAi/UAS- DifRNAi; +/+ (v30579; Drosophila Bloomington Stock Center). w/Y; UAS-cactmCherry/UAScact-mCherry; + (received from G. Bjorklund at the University of Stockholm).
Gal4 lines: y w hopTum-l msn-Gal4/FM7; UAS-mcd8-GFP/UAS-mcd8-GFP (Govind lab,
unpublished).
Other lines: y w (y w/y w).
Drosophila cultures were maintained on standard media.
Experimental design
A fly strain carrying the X-linked hopTum-l temperature-sensitive dominant mutation was
created in which misshapen-GAL4 (msn), a lamellocyte specific driver transgene [32], was
recombined with the hopTum-l mutation to drive the expression of specific RNAi into lamellocytes
produced in response to the hopTum-l mutation. msn-GAL4 also drives the expression of a reporter
transgene UAS-mCD8-GFP in lamellocytes. In this genetic background, only.
Twenty-four hour egg-lays were cultured at 25°C, and progeny were allowed to develop
and eclose at 25oC or at 27°C. In all crosses, females were heterozygotes (y w hopTum-l msnGal4/FM7) and males carried the respective RNAi chromosome. This mating scheme provided
an internal control with the balancer labeled with the Bar eye marker. Both male and female
progeny, classified based on their eye phenotype, were counted everyday for nine days at 25oC
and 27oC. The effect of the simultaneous expression of UAS-RNAi with the UAS-mCD8-GFP for
individual Toll pathway components is scored by observing viability and tumor penetrance in
experimental class (wild-type Bar+ eyes) flies relative to control flies without the hopTum-l msnGal4 (FM7 Bar eyes). A student t test was performed to determine the statistical significance of
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the comparison between experimental (with mCD8-GFP and RNAi expression) relative to
control (mCD8-GFP expression only).
Results and discussion
STAT knockdown mutants increase viability of hopTum-l mutants
Phenotypically hopTum-l flies develop large melanized tumors, and have reduced fertility.
The mutation is semi-lethal such that some pupae fail to eclose as adults. The hopTum-l mutation
has a more severe effect on the viability of the organism at the non-permissive 27oC than at
25oC. However, the levels of RNAi are also sensitive to temperature as GAL4 protein is most
efficient at 30oC. Thus, differences in effects are expected with different gene knockdowns at the
two different temperatures and in male and female progeny.
The transcription factor STAT acts downstream of JAK (Figure 1) and therefore hopTuml
’s mutant effects should be dependent on STATs transcriptional activity in blood cells making
up the tumors. As expected, we observed a strong rescue of the mutant phenotype both in males
and females at 27oC and 25oC (Figure 4A). This result validates our experimental design because
there is only one known STAT transcription factor in the fly genome. If STAT is knocked down
via RNAi one would predict a significant, potentially, full rescue. The STAT RNAi result also
presents a measure to compare the effects of other knockdown experiments.
Knockdown of Toll pathway constituents results in rescue of constitutively active JAK-STAT
signaling
Knockdown of Toll pathway constituents (SPE, spz, Tl, and dl) via RNAi similarly
resulted in an overall increase in viability of male and female progeny (Figure 4A-D), although
the strength of rescue varied with the gene and the particular RNAi line used. In general, rescue
was strongest with SPE, spz, or Toll knockdowns and weaker with dl knockdown. Weak rescue
by dlRNAi can be explained by the redundant function of Dif in larval innate immunity as a
transcriptional factor like dl [17].
A student t-test was conducted using relative rescue values. From the student t-test, all
male progeny of all experimental classes were significantly different from control, indicating that
each experimental class indeed represented a rescue. However, when the same analysis was
conducted at 25°C results were much more variable (Figure 4B), although all values were
statistically significant.
Variability increased even more when analyzing heterozygous female progeny at both
25°C and 27°C (Figure 4C and 4D). This can be attributed to a wild type chromosome that all
female flies inherit as compared to males of the same genotype, who are hemizygous for hopTum-l
msn-Gal4.
Tumor penetrance and expressivity
Although variable, all data point to a higher rescue of life at the intersection of SPE/spz.
upstream constituents of the Toll Pathway. Each cross contained an internal control, the FM7
bearing class that has no tumors. Tumor penetrance and expressivity were variable throughout all
populations and were not quantified in our studies. Survival to adulthood was not correlated with
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tumor size in surviving adults (Figure 5). RNAi containing flies have smaller cell aggregates, and
hopTum-l msn-Gal4 flies that contain the RNAi transgene have reduced tumor formation as
compared to their hopTum-l msn-Gal4 controls. Although RNAi flies still have tumors, they no
longer showcase the typical large aggregate as seen in hopTum-l flies.
Reasons for variability in results
Four different RNAi constructs were used. RNAi flies were obtained from the Transgenic
RNAi Project at Harvard University [33]. These flies either contained a pValium1 or pValium10
vector. pValium1 and pValium10 are both soma-based RNAi transgenes. In our experiment,
pValium10 was found to be more effective for RNAi knockdown than pValium1. pValium10
differs from pValium1 in a number of ways [33]: (1) It contains insulator sequences that increase
significantly the level of expression of the hairpin sequences. (2) Instead of the multiple cloning
sites of pValium1, pValium10 contains a recombination system.
The other two RNAi constructs were received from Vienna Drosophila RNAi Stock
Center (VDRC); GD and KK. GD is a P-element based transgene, with random insertion sites.
On the other hand, KK is a phiC31-based transgene, with a defined insertion site. Therefore, our
experiment is using RNAi lines that contain different vectors of varying strength.
Conclusion
Our data corroborate the microarray results of Irving et al., 2005 which showed and
provided a foundation for our understanding of how Toll and JAK-STAT pathways collaborate
in Drosophila in vivo. Initial results indicate that the most prominent interaction of Toll and
JAK-STAT occurs at the SPE/spz/Toll nexus. This model (Figure 6) and our observation that
hopTum-l tumors derive from medullary zone overgrowth (Figure 3) explains why these tumors
grow so aggressively in a short duration. Our lab has previously shown that SPE and spz are
strongly pro-inflammatory; SPE transcription follows acute-phase kinetics and gene expression
is down-regulated in the resolution phase of infection. However, SPE/spz and Toll levels are
high in the hopTum-l background, and rescue obtained after their knockdown strongly suggests that
STAT-dependent signaling in these mutants requires Toll signaling. Interestingly, a drosomycinGFP reporter remains “off” in the hopTum-l background [17] (R. Moore, unpublished). This
observation suggests that Toll-dependent humoral factors secreted from the fat body (such as
SPE) in hopTum-l mutants may not contribute to the ectopic signaling in this background.
Further studies using the same approach will reveal common or distinct mechanisms that
contribute to hopTum-l tumor formation. The RNAi studies also provide opportunities to identify
STAT versus Dorsal-specific target genes in the hopTum-l background. Both Toll and JAK-STAT
signaling are fundamental to mammalian cellular physiology and are highly-conserved in
evolution. Our discovery of how they are linked mechanistically in the fly model system will be
informative in the context of development and treatment of human cancer.
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Figure 4: RNAi experiments show greatest rescue at SPE/spz
(A): Males 27°C, (B) Males 25°C, (C) Females 27°C, and (D) Females 25°C.
Relative rescue was calculated by calculating viability percent (number of hopTum-l
animals/number of FM7 animals x 100). This number was used to calculate relative rescue, by
standardizing the y w control class to 1. Next, a student T-test was conducted via an online
student t-test calculator to analyze significance. NS indicates no significant (p>0.07), * indicates
a p-value 0.05-0.07, ** indicates a p-value .01-.05, *** indicates a p-value below .01.
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Figure 5: RNAi bearing flies contain tumors despite partial rescue
In all figures flies are arranged beginning on the left: FMY/Y, y w hopTum-l msn-Gal4/Y; UASmcd8-GFP/RNAi, w-/FM7; UAS-mcd8-GFP/RNAi, and y w hopTum-l msn-Gal4/w-; UAS-mcd8GFP/RNAi. (A) 15.2 stock, (B) Toll TRiP, (C) Toll TRiP, (D) STAT TRiP, (E) STAT TRiP, (F)
SPE VDRC, (G) spz VDRC, (H) spz TRiP, (I) dl TRiP
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Figure 6: Putative “super network” of Toll, JAK-STAT, and sumolaytion Pathway interactions.
On the left represents the JAK-STAT pathway and on the right represents the Toll pathway.
Pro-inflammatory molecules are represented in green, and anti-inflammatory molecules are
represented in red.
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